INTRODUCTION
T he production, acquisition, absorption, reproduction and dissemination of knowledge is seen as the fundamental characteristic of contemporary competitive dynamics and in fostering innovative activity (Anselin et al. 2000; Sorensen and Audia 2000; Varga 2000; Santoro and Chakrabarti 2002; Stuart and Shane 2002; Baum and Sorensen 2003) . Within the field of innovation studies, technological change and knowledge spillover, the distinction between tacit and codified knowledge has been accorded great significance (Kogut and Zander 1992) . While codified or explicit knowledge could be effectively expressed using symbolic forms of representation, this is not the case for tacit knowledge, which defied such representation (Gertler 2003) . If tacit knowledge is important for new and highly innovative firms and since tacit knowledge could not be easily transferred over large distances or bought via the market, it has become a major determinant in the competitiveness of regions and locations for those firms (Porter and Stern 2001; Florida 2002) .
However, there are some key questions regarding the locational decisions of firms that remain unexplored. First, although research has identified the important role that universities play in generating knowledge spillovers, their impact on the locational choice by firms remains unknown. Second, the mechanisms transmitting knowledge spillovers remain relatively unexplored. Third, the actual knowledge spillover mechanism and firm location may also depend on the particular field of knowledge, i.e. social sciences or natural sciences. Finally, the importance of university spillovers and the role of tacit knowledge must be seen in a dynamic context. Since technological change goes together with knowledge-based activities, one should expect that the impact of academic research on the location decision has also changed.
Yet, there is no theoretical reason to expect either the mechanism transmitting knowledge spillovers or its impact on locational decisions to be invariant across different academic disciplines. Thus, the purpose of this paper is to address these questions focusing on whether knowledge spillovers are homogeneous with respect to different scientific fields. We do this by linking the locational choice of firms, in terms of proximity to a university, to the research and educational outputs of universities. By distinguishing between natural science and social science research outputs, as well as between students in the natural sciences and social sciences, this paper analyzes a data-set consisting of 281 publicly listed firms in German hightechnology and knowledge industries. Nevertheless, since theory provides relatively little guidance as to what extent social sciences and natural sciences influence firm location, our paper consists of much descriptive data analysis as formal hypothesis testing. Also, distance to universities is only one determinant of firm location, our conclusions are a bit more speculative since other variables are not considered in this study.
In particular, we find compelling evidence suggesting that firms have a high propensity to locate close to universities. Though, the role that geographic proximity plays is shaped by the particular knowledge context and the communication channel. The more generic nature of social sciences makes geographic location less important for absorbing knowledge from academic research. It appears that location matters more in the natural sciences, which presumably reflects the specialized nature of scientific knowledge.
This paper also identifies one particular mechanism transmitting the spill over of knowledge. Students serve as a conduit for transmitting knowledge from the university where it is created, to a firm, where it becomes commercialized.
Splitting the data-set reveals that the impact of academic research and students on firm location changed in the last decade. Firms younger than the median firm (8 years) are located significantly closer to universities with a high number of articles published in natural sciences and with a high number of students in both academic fields. In contrast, academic research and students seem to have no statistically significant impact on firm location for older firms. This, however, with one exception: the existence of technical universities.
1 Those universities with their specialization in engineering and machinery enter the regression significantly in the sub-sample with older firms, but not in the sub-sample with younger firms. This result reflects the structural change towards an entrepreneurial economy as proposed by Audretsch and Thurik (2001) . Since the entrepreneurial economy is based less on traditional inputs and more on the input of knowledge, entrepreneurs should consider this restriction and thus decide to locate closer where those inputs could be found.
The remainder of the paper is organized as follows. The next section summarizes the literature and introduces the four testable hypotheses raised in this paper. Section 3 contains the description of the database, and the estimation techniques. The empirical results are presented in Section 4. In Section 5 a summary and conclusions are presented.
UNIVERSITY SPILLOVERS, TACIT KNOWLEDGE AND FIRM LOCATION
University spillovers could be defined as an external knowledge source accessed by firms, for which the university is the source of the spillover but not fully compensated (Harris 2001) . Because firms access external knowledge at a cost that is lower than the cost of producing this value internally or of acquiring it externally from a larger geographic distance (Harhoff 2000) , they will exhibit higher expected profits. The cost of transferring such knowledge is a function of geographic distance and gives rise to localized externalities (Siegel et al. 2003) .
Such spillovers may arise from personal networks of academic and industrial researchers (Liebeskind et al. 1996; MacPherson 1998; Feldman and Desroche 2003) , participation in conferences and presentations, or fresh candidates as an important channel for disseminating the latest knowledge from academia to high-technology industry (Varga 2000) . University research, as the source of such spillovers, is measured by the amount of money spent on Research and Development (R&D), the number of articles published in academic and scientific journals, the number of employees or patents (Henderson et al. 1998; McWilliams and Siegel 2000; Varga 2000; Hall et al. 2003) . The overwhelming part of the empirical literature confirms the positive effects of university spillovers (Acs et al. 1992; Jaffe et al. 1993; Audretsch and Feldman 1996; Anselin et al. 1997; Varga 2000; Mowery and Ziedonis 2001) .
However, there are only a few papers that explicitly analyze entrepreneurship and new firm start-ups as conduits for knowledge spillovers. Bania et al. (1993) analyze the frequency of high-technology start-ups and find only a small effect of university research funding on the start-up rate. Stephan (1996, 1999) use joint papers of researchers and practitioners. They show that the spill over of knowledge to a new firm start-up facilitates the appropriation of knowledge for the individual scientist, but not necessarily for the organization creating that new knowledge in the first place. Also Zucker et al. (1998) link universities and start-ups in biotechnology by academic articles. They demonstrate that not spillover effects per se but rather the intellectual capital of star scientists plays a major role in shaping both the location and timing of the entry of new firms. Shane (2001a, b) explores the determinants of proximity to the MIT (Massachusetts Institute of Technology) on new firm formation. His main finding is that universities create technological spillovers which could be exploited by the formation of new firms.
Our first hypothesis is based on the findings by Stephan (1996, 1999 ) among others, who present different impacts of tacit knowledge and codified knowledge on the locational benefits of geographic proximity to a university. Strict adherence to the scientific method assures that academic research embodies a high component of codified and specific knowledge in the natural sciences (Stephan 1996) . By contrast, research in the social sciences embodies less codified knowledge due to limited applicability of the scientific method (Stephan 1996) . Academic research in the natural sciences is more codified and thus does not require geographic proximity to absorb the spillover effects. Because of its high codification, scientific knowledge can be largely accessed by (competently) reading scientific journals. Thus, we assume that knowledge in the social sciences is more tacit and less codified, rendering geographic proximity to be more important in accessing knowledge spillovers.
The second hypothesis is based on the distinction between codified and tacit knowledge (Kogut and Zander 1992) . Elements of know-how and operations cannot be codified easily in a blueprint, a contractual document (Mowery and Ziedonis 2001) , or a published article (Audretsch and Feldman 1996) . Tacit knowledge needs oral communication and reciprocity, which may be ineffective or infeasible over longer distances. As Jaffe (1989) points out, geographical location is important in capturing the benefits of spillovers when the mechanism of knowledge is informal, interactions, as is the case for tacit knowledge. Then, ''[. . .] geographic proximity to the spillover source may be helpful or even necessary in capturing the spillover benefits'' (Jaffe 1989: 957) . Thus, the limited geographic reach of such channels for the exchange of information and know-how is assumed to be one of the leading causes of the impact of geographic proximity since it leads to a competitive advantage over similar firms, which are not located close to universities. This holds especially when high-skilled labor is a scarce resource and there is intense competition for human capital and other knowledge inputs (Porter and Stern 2001) . This leads us to formulate our second hypothesis, which is that universities producing higher amounts of students will attract firms to locate within close geographic proximity.
Our third hypothesis states that students as a spillover mechanism should be different from published scientific articles. While scientific articles serve as an effect conduit of transmitting codified knowledge in the natural sciences, they are more limited in transmitting the high degree of tacit knowledge in the social sciences. Thus, geographic proximity to a university is more important to access social sciences spillovers than natural sciences spillovers. For accessing knowledge transmitted by students, however, geographic proximity may be less important in the social sciences than in the natural sciences. This effect is due to the generic nature of university education in the social sciences in Germany. Social sciences programs are standardized throughout the country, which produces students with a relatively homogeneous degree of human capital. Such standardization is not found in the natural sciences, so that geographic proximity is important to access knowledge embodied in students in the natural sciences. Therefore, the number of students in social sciences would not really affect the firm's decision to locate close towards the next university. In contrast, we assume that students differ in natural sciences. In this field, universities differ in their specific research specialization like life science, biochemistry, physics, or engineering. Thus, the human capital of students in the natural sciences is likely to be more ''specific'' than ''general''. Thus, we expect that universities with a high student enrollment in the natural sciences will attract firms to locate within a closer geographic proximity.
Finally, we expect that academic spillovers as a determinant of firm location are not time invariant. The structural change from traditional production towards a hightech and service-oriented business in Germany, as described by Audretsch and Thurik (2001) or Audretsch and Fritsch (2003) , should be reflected by the data. If tacit knowledge is more important for young and highly innovative firms and was less important in the past, then the locational decision towards universities should differ between younger and older firms.
DATA, MEASUREMENT AND METHODOLOGY
To test the hypothesis that firm foundation depends on geographical proximity to a university, we use a unique data-set of high-technology German firms publicly listed on the Neuer Markt. The total number of German firms listed on the Neuer Markt, Germany's counterpart of the NASDAQ, was 295 between 1997 and 2002. From these firms we dropped five banks and nine holding companies. The data-set is collected combining individual data from IPO prospectuses, along with publicly available information from online data sources including the Deutsche Boerse AG (www.deutsche-boerse.com). We use this database for several reasons. First, the sample includes highly innovative industries, such as biotechnology, medical devices, life sciences, e-commerce and other high-technology industries. Second, studies from the USA provide strong evidence for the growth effect of clusters influenced by the presence of a research-active university (Feldman 2000) . This data-set enables us to follow this line of research. Third, this data-set represents the technological change in the German business sector from the predominance of medium-sized firms in production and manufacturing towards the high-technology and service sector, characterized by the importance of intangible assets in contrast to fixed capital. Finally, in Germany such data are not available for privately held firms.
We pooled this data-set by adding university-specific variables, which are individually collected from the 73 universities in Germany. For each of those universities we collected the number of articles listed in the research database from the ISI (Information Sciences Institutes). Although this research database includes a small amount of all the journals in one field, it ensures that it only contains the high-quality research journals. We did not include research institutes since they only have a few students, if at all.
To test the impact of universities on a firm's location decision, we take the DISTANCE to the closest university as the dependent variable. Since universities in Germany are geographically concentrated, we need a measure which is sensitive to small variations. The distance is measured in kilometers using the online database of the German Automobile Club (www.adac.de). All firms located within a radius of 1.5 kilometers are classified as belonging to the distance category of 1 kilometer. However, firm location could also be measured by geographic districts, compared to Metropolitan Statistical Areas (MSA) in US studies (Varga 2000) . To measure such effects, we construct the ordinary variable DISTRICT. This variable captures geographic proximity by focusing on the location closest to the university, within the same city and outside this area. The variable DISTRICT takes the value one if the firm is located within a close radius of 8 kilometers (the median value) around the university. If the firm is located within a radius of 20 kilometers the variable takes the value two, and three if the location is outside the radius of 20 kilometers.
Articles published in social sciences are measured by the Social Science Citation Index (ISI-database, SSCI). Articles in natural sciences are taken from the Science Citation Index (SCI). We included the number of listed papers for each university published from 1997 until 2000. We further control for the numbers of students from science (SCISTUDENTS) and from social science (SSCISTUDENTS). We also control for the effect of the German Reunification by including a dummy variable indicating that a firm is located in West Germany (WEST). To control for the size of the city and other regional cluster effects, we include the log of the number of citizens (TOWN) and the number of universities (UNIVERSITIES) within the same city. Technical universities are assumed to play a special role in the technology transfer, since their focus is especially on engineering and natural sciences. A dummy variable is thus included to control for this special type of university (TU). To capture time effects, we include the age of a firm (AGE) which is measured in years from foundation to IPO. Finally, we also consider the amount of grants (GRANTS), the expenditures on staff (STAFF), and the number of all students (STUDENTS) of the respective university.
We apply three different estimation methods to test our hypothesis. First, we use simple Ordinary Least Aguaries (OLS) regression techniques with the distance, measured in kilometers, as the endogenous variable. Secondly, we apply negative Binomial regressions, to consider that the variable DISTANCE is highly skewed. Since the variance of the dependent variable ''kilometers'' is larger than the mean (see Table  3 ), the variable is over-dispersed and the Poisson regression technique is not applicable. Finally, we apply ordered Probit estimation to regress on distance categories, captured by the variable DISTRICT. Especially, we estimate the following regression:
distance ó const. ò 1 articles SCI ò 2 articles SSCI ò 3 students SCI ò 4 students SSCI ò 5 grants ò 6 staff ò 7 total number students ò 8 west ñ dummy ò 9 city size ò 10 number of universities ò 11 TU ñ dummy ò 12 firm age ò .
As Table 1 shows, the university with the greatest impact on firm location and most impressive impact is the Ludwig-Maximilian University (LMU) in Munich. From the 281 firms included in the data-set, 51 firms chose to locate close to this university. This doubles nearly the 26 firms which located close to the University of Hamburg, followed by the Goethe University of Frankfurt (24 firms), the University of Stuttgart (16 firms) and the Humboldt University (HU) in Berlin (14 firms). Table 1 also offers some descriptive statistics of the top 20 universities. Table 2 presents the descriptive statistics. The closest location to the nearest university is 1 kilometer while the maximum distance is 177 kilometers away from the nearest university. The skewed distribution of the data is reflected by the difference between the mean and median values. While the arithmetic mean distance is about 17 kilometers, the median shows that 50 percent of the firms are located within an area with the radius of 7 kilometers. Thus, locational proximity to a university for the 281 firms in the data-set is a first hint that university spillover effects influence the strategic location decision. Tables 1 and 2 also indicate that research activities and the number of students varies considerably across universities. A comparison between the mean and median also exhibits the skewed number of articles in both the social sciences and natural sciences. On average, each university published about 250 papers in social sciences and more than 5,100 articles in natural sciences. However, the number of articles published by 50 percent of the universities is lower. Also the number of students differs across universities (see also Table 1). 2 Interestingly, the number of articles and students do not only vary across universities but also across the two fields. The mean university publishes 20 times more articles in the natural sciences compared to the social sciences. However, articles in the natural sciences and those in social sciences differ in their length, number of coauthors and referee time, and are thus not comparable. While 50 percent of the universities publish about 200 articles in social sciences, there are more than 4,000 articles in the natural sciences. The opposite can be found for the number of students. On average, more than 20,300 students are studying social sciences, while only about a third, 7,300, are enrolled in the natural sciences. This results from the fact that in most fields of the natural sciences, the number of students is restricted by the numerus clausus.
While the typical German university is very old, by contrast most of the firms in the sample are strikingly young. Half of the firms in our sample are 8 years old or less, and 25 percent of the firms are younger than 3 years. About 90 percent of the firms are located in West Germany and about 9 percent are located close to one of the six technical universities (TU). More than 55 percent of the firms are located within an 8 kilometer circle around the university, about 20 percent between the inner circle and a 20 kilometer radius and the remaining 23 percent are located outside the 20 kilometer radius. Table 3 provides the correlation between the included variables. The high correlation between the articles published in SCI and SSCI demonstrates that universities are either research active-or not-independently of the academic field. Interestingly, there is a high correlation between the articles published in social sciences and the number of students in these fields, but not for natural sciences. While the correlation between articles and students in the social sciences is highly positive, the number of students and articles in the natural sciences correlate only weakly positive. One explanation may be that the natural sciences restrict themselves in the number of students (numerus clausus), while this is the case only for business economics and psychology in the social sciences. The high correlation between the number of students in the social sciences and the number of articles published in this field may also be due to size effects. Table 3 also shows high correlation between research grants and the number of students in the natural sciences and the positive, even low, correlation with the number of articles published in this field. In contrast, research grants and the number of students as well as the number of articles do not seem to be correlated. However, research grants in the natural sciences exceed those in the social sciences by a multiple (see www.dfg.de).
ACADEMIC SPILLOVERS AND FIRM LOCATION: EMPIRICAL EVIDENCE
We first employ a simple OLS approach to estimate the distance towards the closest university. The results are shown in Table 4 (column 1). The number of students in both social and natural sciences enter the regression significantly in the predicted negative way. The higher the number of students in both academic fields, the closer is the distance between the firm and the university. In contrast, the number of articles in both social and natural sciences show no significant impact to explain some of the variation in the distance. The regression also points out that research-intense universities, expressed by the amount of research grants and the dummy variable indicating technical universities, are more successful in attracting firms than others. Firms in larger cities are located closer to the next universities. The results from the ordered Probit model could not provide any significant results, except the significant and negative impact of town size. The lack of significant results may also be due to the sensibility of the specification of the distance circles. Therefore, we continue our analyses by focusing on the more sensitive measure of distance in kilometers.
Considering the skewed character of this dependent variable, we apply negative Binomial regression techniques. The results are shown in column 3 in Table 4 . Now, however, the number of articles published in the natural sciences also enters the regression significantly negatively. This indicates that research-intense universities in the natural sciences are more attractive for start-ups. Again, the number of students in both fields significantly influences the locational decision. Based on those results, we confirm that tacit knowledge, expressed and incorporated by the number of students highly influences the locational decision. Thus, and students serve as a conduit for transmitting knowledge from the university where it is created to a firm where it becomes commercialized.
To control for dynamic effects in absorbing university spillovers, we split the dataset into two groups and run separate regressions.
3 Firms younger than the median age (8 years) are sampled in the first group. The second group contains firms older than the median firm. Although the variable age did not enter the former regressions significantly, the results do not differ extremely between both groups (see Table 5 ). While the first column in Table 5 shows the results from the regression of the whole sample, the second and third columns contain the estimations for the two subgroups. The first result is that tacit knowledge, as incorporated in students, is more important for young firms, independently from the academic field. The negative coefficients of the number of students in both the natural and social sciences presumably reflect the high component of specific skills embodied in students and their importance for young firms. This finding provides evidence for the first hypothesis that universities with a higher amount of students attract firms to locate within a closer geographic proximity. Although this result holds also for the whole sample, the regressions on the sub-sample demonstrate that this holds especially for young firms. Thus, this finding also confirms the fourth hypothesis that academic spillovers are more important for firms founded in the 1990s.
The second result is that academic research in the natural sciences enters significantly the regression for young firms but not for older firms. Also, academic research in the social sciences remains insignificant in all regressions. Although there is empirical evidence that academic articles are not an input per se (Audretsch and Feldman 1996; Audretsch and Stephan 1996; Zucker et al. 1998) , the number of articles published in the natural sciences may also serve as a proxy for other academic research and outputs which could be commercialized by young firms. The insignificance of academic research in the social sciences could also be explained by the more generic nature of social sciences, which contradicts our second hypothesis. Although the results show that the kind of science matters, we cannot find evidence that academic research in the social sciences leads firms to locate closer towards the next university.
The third result is the role that technical universities play as a locational decision variable for older firms, but not for younger firms. Technical universities are well known for their research activities in engineering and machinery. This type of university was especially established for the demand of German industries for skilled and trained engineers and academic research in this field (see Abramson et al. 1998) . The result shows that while technical universities could satisfy this demand in the past, and thus act as a locational decision for those firms, they may fail to provide highly skilled staff in other fields. In addition, this finding confirms our hypothesis that the importance of academic spillovers and the mechanisms of how academic research spills over have changed over time.
CONCLUSIONS
The results of this study not only confirm that university spillovers play an important role, but also that they have a strong influence in the strategic locational decisions of firms. However, the locational decision is shaped not only by the output of universities, but also by the nature of that output. In this paper, we consider research and education in two different fields, the natural sciences and the social sciences, as outputs. To access knowledge transmitted by published articles in the social sciences, geographic proximity is particularly unimportant. The more generic nature of this academic field and its lower rate of new inventions and innovations makes it less important as a locational decision variable.
These results are actually reversed in accessing the educational output of universities, in the form of students. Firms tend to locate in geographic proximity to universities with a high number of students in both the natural sciences and social sciences. This presumably indicates the limited geographic options for students with human capital specific to particular technologies and methods independently of the academic field.
The results of this paper suggest that while university spillovers are important in influencing the location of new and young high-technology firms, at least in the context of Germany, they appear to be sensitive regarding firm age. While young firms tend to locate closer to universities with a high academic output in the natural sciences and a high number of students in both the social and natural sciences, this does not hold for older firms. The dominance of technical universities to satisfy the demand in traditional German industries like engineering and machinery seems to diminish. Thus, while technical universities played an important decision variable for firm location in the past, this does not hold for younger, especially ''New Economy'' firms.
One policy implication could be the strengthening of universities in profile building, both in teaching and research, which in turn encourage potential entrepreneurs to build up a firm, especially in the high-technology sector. In this way they could share spillover effects from universities and might reduce their risk of failing as human capital or research results.
While this paper has considered only heterogeneous spillovers with respect to the natural sciences and social sciences and their impact for young and older firms, future research might focus on more finely delineated academic disciplines to identify more precise modes and magnitudes for knowledge spillover mechanisms.
